The organisms of the Galapagos Islands played a central role in the development of the theory of evolution by Charles Darwin. Examination of the population genetics factors of many of these organisms with modern molecular methods has expanded our understanding of their evolution. Here, I provide a perspective on how selection, gene flow, genetic drift, mutation, and inbreeding have contributed to the evolution of 6 iconic Galapagos species: flightless cormorant, pink iguana, marine iguana, Galapagos hawk, giant tortoises, and Darwin's finches. Because of the inherent biological differences among these species that have colonized the Galapagos, different population genetic factors appear to be more or less important in these different species. For example, the Galapagos provided novel environments in which strong selection took place and the Darwin's finches diversified to produce new species and the cormorant adapted to the nutrient-rich western shores of the Galapagos by losing its ability to fly and genomic data have now identified candidate genes. In both the pink iguana, which exists in one small population, and the Galapagos hawk, which has small population sizes, genetic drift has been potentially quite important. There appears to be very limited interisland gene flow in the flightless cormorant and the Galapagos hawk. On the other hand, both the marine iguana and some of the Darwin's finches appear to have significant interisland gene flow. Hybridization between species and subspecies has also introduced new adaptive variation, and in some cases, hybridization might have resulted in despeciation. Overall, new population genetics and genomics research has provided additional insight into the evolution of vertebrate species in the Galapagos.
The animals of the Galapagos Islands (referred to as Galapagos hereafter) were important in forming the basis of the theory of evolution developed by Charles Darwin (1859) after his 5-week visit there in 1835 on the HMS Beagle. A number of these iconic species have now been studied using genetics to determine their evolutionary origins and differentiation among the islands, particularly the Darwin's finches (e.g., Grant and Grant 2008, 2014) and the Galapagos tortoises (e.g., Poulakakis et al. 2012) . Because of the novel and uninhabited environment when they arose relatively recently as volcanic oceanic islands, the isolated Galapagos provided a site for strong and different selection. As a result, the Galapagos have a number of endemic species with unusual or unique morphological, ecological, and behavioral adaptations and phenotypes. Other population genetic factors, such as mutation, genetic drift, gene flow, and inbreeding, have also been important in contributing to the evolution of these species. Native species on the Galapagos show both the impact of past evolutionary forces and evolution in contemporary generations.
Not only have many species in the Galapagos been the object of study for decades, many species there provide an unusual opportunity for detailed study. For example, the reptiles and birds there are unusually tame, as often occurs where there are no native terrestrial mammalian predators. This has allowed individual animals to be marked, examined, and observed and resulted in an understanding of within-species ecology and behavior as well as interactions between species.
Recent expansion of molecular approaches in evolution has provided new details of the population genetics factors important in the adaptation and differentiation of these species and genomic approaches using many molecular markers have recently been utilized for some Galapagos species. It is my goal here to provide a general perspective for the population genetics factors important for Galapagos animals and to present some of these new findings. We begin with an overview of the Galapagos, then discuss some recent studies in specific organisms that illustrate the importance of a population genetics perspective, and then generally discuss the potential importance of population genetics factors there. This review will mainly discuss the evolutionary genetics of some of the vertebrates of the Galapagos, but there are some similar interesting accounts for other organisms, such as the invertebrates and plants. For an excellent introduction to the Galapagos and evolution of the species there, see De Roy (2009), a volume published on the 150th anniversary of the publication of Darwin's book.
General Background on Galapagos Islands
The Galapagos Islands are part of Ecuador and are an archipelago in the Pacific Ocean 960 km west of the coast of South America. Most of the islands are just south of the equator, but several islands are north of the equator and the northern part of Isabela Island (all the Galapagos are islands, but hereafter island will be assumed) is north of the equator (Figure 1 ). The Galapagos is composed of 13 major islands (greater than 10 km 2 ), 5 smaller islands (smaller than 10 km 2 but greater than 1 km 2 ), and many islets and rocks. When Darwin visited the Galapagos: he stayed on 4 islands, San Cristóbal (the most easterly island), Floreana, Isabela, and Santiago. Isabela is the largest island with an area of more than 4500 km 2 and has more area than all of the other islands combined. It has been formed from 6 volcanos and the northernmost, Wolf Volcano, is the highest point in the Galapagos at 1707 m.
The Galapagos are volcanic islands that are thought to have been formed as the Nazca plate moved eastward at a rate of about 59 km per million years (Geist et al. 2014 ) over a fixed volcanic region (hotspot). As a result, the present islands date from up to 3.5 to 4 Ma (million years ago) for the eastern islands of Española and San Cristóbal to less than 60 000 years ago for western island Fernandina, which is the most recently emerged island. The Galapagos hot spot is now between Fernandina and the southern part of Isabella in the far west of the archipelago and the active volcanos are on the islands of Fernandina and Isabela. The islands are also spread out north to south forming a 2-dimensional array, so that similar aged islands are generally at similar longitudes.
Although the Galapagos straddle the equator, the environment there is relatively cool and dry, and fresh water on the islands is rare. In many areas of younger volcanic rock, there is little vegetation and the volcanic rock can act as a barrier for movement for terrestrial animals, such as the giant tortoises. As a result, the Galapagos environment was probably very challenging for some of the animals that colonized it, primarily from South America. In addition to the potentially harsh environment, the effects of both El Niño with high rainfall and La Niña, which often results in drought in the Galapagos, both of which occur every few years, present contrasting adaptive challenges. Although high rainfall from El Niño is generally beneficial for terrestrial birds and reptiles, marine animals can be negatively affected by the warmer, less productive water. On the other hand, drought from La Niña can result in increased mortality in terrestrial reptiles and birds, and vegetation dies or goes dormant, whereas marine life can do better in the cold, nutrient-rich water.
In 1959, on the 100th anniversary of the publication of Darwin's book, all uninhabited areas of the Galapagos, 97.5% of the land area of the archipelago, were declared by the Ecuadorian government as a national park, which protected most of the Galapagos. Today, parts of only 4 islands are inhabited, and they have a total population of 30 000 or more people. Although this seems like a relatively small number, it is a great increase from 1900 when there were less than 300 Galapagos inhabitants (Parent et al. 2008) . The towns on the 4 islands are Puerto Baquerizo Moreno, the capital of Galapagos Province on the southwestern coast of San Cristóbal with about 7000 people, Puerto Ayora, the largest Galapagos town on the south coast of Santa Cruz and home to the Charles Darwin Research Station with about 12 000 people, Puerto Villamil on the southeastern side of Isabela, and the small settlement of Puerto Velasco Ibarra on Floreana. In recent years, the number of tourists to the Galapagos has increased, reaching 225 000 in 2015. The tourists go to the 4 towns or generally travel by relatively small boats between islands on controlled trips to a limited number of designated sites. Many places where there are endangered species or important habitats, tourists are not allowed.
Animals on the Galapagos
Most native species present on the Galapagos today are thought to have been descended from a very few migrants, originally from South America (or Central America in some cases). Because of the great distance to South America for terrestrial or near-shore animals, 1000 km or more, the likelihood of successful colonization appears to have been quite low. In fact, most of the species we discuss below descend from what appears to be a single successful colonization event to the Galapagos millions of years ago. Because of their isolation and recent age, the Galapagos are relatively species poor. For example, there are no native terrestrial mammalian predators, which has contributed to the unique evolutionary trajectories of the species that did colonize the Galapagos.
As we discuss population genetics factors below, it is important to keep a perspective on the amount of time that evolutionary change could have occurred in the Galapagos. The Galapagos as they arose above sea level provided a new uninhabited area for organisms and as new islands arose over time, organisms colonized them as well. There are seamounts to the east of present-day islands that are thought to be older, but now submerged, islands. Although it has been speculated that some Galapagos species date from before the age of the oldest extant island and were potentially on these islands now submerged to the east, recent estimates suggest that most of the species on the present-day islands date from around the age of the oldest present-day islands or more recently (however, see Torres-Carvajal et al. 2014; Zaher et al. 2018) .
A theory for species relationships in volcanic archipelagos like the Galapagos is the progression rule (Wagner and Funk 1995) in which there is stepwise movement of species from older to younger islands. In the Galapagos, this suggests that the age of species would change from the oldest islands on the southeast to the youngest islands on the west and northwest, reflecting the ages of the islands. For the less-mobile animals in the Galapagos, rare interisland dispersal appears to have generally resulted in this pattern (Parent et al. 2008) . For more vagile species, other factors such as repeated interisland movement and strong natural selection appear to have been more important and appear to have greatly weakened this general pattern (Parent et al. 2008) .
Because of the many non-native plants and animals that have been introduced either intentionally or inadvertently in recent centuries (Toral-Granda et al. 2017) , many areas in the Galapagos are not pristine. In recent decades, there have been extensive efforts to remove non-native animals, efforts that have been successful on some islands. A few non-native species, such as the rock dove (common pigeon), have been completely eradicated from the Galapagos (Phillips, Cooke, et al. 2012 ). Phillips, Wiedenfeld, et al. (2012) provided a comprehensive review of the history, distribution, and impact of the 44 non-native vertebrates introduced into the Galapagos. Some of the most destructive have been feral goats, pigs, and donkeys, for which control has been relatively successful, and black rats and feral cats, which have posed much more difficult control problems.
As an example of the impacts of non-native species on native species, consider the giant tortoises that were nearly extirpated from Española, mainly because of the human exploitation of tortoises and the impact of feral goats on the environment. Between 1953 and 1974, the 15 last known Española tortoises were used to initiate a captive population (Milinkovitch et al. 2013 ). This captive breeding program was very successful and over 2000 tortoises have been released back to Española with successful reproduction first recorded in 1990. Although feral goats had been eradicated from Española, the goats had greatly reduced the number of the endangered tree cactus that the tortoises depended on for forage and woody plants had greatly expanded their distribution and density. As a result, the reintroduced tortoises cannot access some otherwise suitable habitats because thickets of woody plants prevent the tortoise from making paths and the woody plants through competition have reduced recruitment of the cactus ). This situation illustrates the long-term impact of non-native species and potential complexity of efforts to restore endemic animals in the Galapagos.
Floreana was the first Galapagos Island to be colonized by humans and is among the islands most impacted by humans and the invasive species they brought in, even though only around 150 people permanently live there today. When Darwin visited there, there were between 200 and 300 people on Floreana, nearly all people of color who had been banished there for political crimes against Ecuador (Darwin 1839) . As a result of this long-term settlement, the island has been significantly altered and a number of native species are either extinct or very endangered. There have been some successful efforts on Floreana to eradicate non-native animals, like the removal of over 60 000 goats, and there are plans to eradicate black rats, either by poisoning them or potentially by introducing genedrive elements into them (Hall 2017) . the lava gull. Or 67 bird species if it is assumed there are 17 species of finches as concluded in Lamichhaney et al. (2015) .
Below I will discuss 3 bird taxa for which interesting population genetics information is known, flightless cormorants, Galapagos hawks, and Darwin's finches (Table 1 ). I will begin with flightless cormorant for which there is genomic data related to its unique morphology. I will also discuss 3 reptile taxa for which population genetics information is known, pink iguanas, marine iguanas, and giant tortoises. I will discuss last the Galapagos tortoise and the Darwin's finches, both of which have been the subject of a great deal of genetically related research. The Galapagos tortoises have been investigated, primarily by Adalgisa Caccone and her colleagues, and I will only discuss a small part of that data here. Also because there has been a great deal of evolutionary genetic research on Darwin's finches, primarily by Peter and Rosemary Grant and their colleagues, I will conclude with a few of their recent examples.
As background for the discussion of the importance of population genetics factors in these species, let us briefly provide a context for this discussion. Evidence for the importance of selection has been based primarily on the phenotypic differentiation from the putative ancestral species, or between species, but in some cases, genomic evidence of strong selective effects has been documented. For gene flow, which can be the source of new variation, importance was based on contemporary differentiation of neutral genetic markers but also on observation of migration between sites or islands. The relevance of interspecific hybridization introducing new genetic variation was also considered. The relevance of genetic drift changing genetic variation stochastically was centered around the level of genetic variation but also contemporary (and past) effective population sizes when estimated. Mutation as the source of genetic variation has been examined genomically in several taxa, and given the time since, colonization for most of these species appears to have been an important source of genetic variation for most of them. Finally, the level of inbreeding has not been directly estimated in most of these species but can only be inferred from the levels of population size and isolation. Similarly inbreeding depression, the reduction of fitness due to inbreeding, has not been directly estimated in most of these species, so it is assumed that the level of inbreeding and the level of inbreeding depression are associated although this association can be complicated (e.g., Hedrick and Garcia-Dorado 2016) . Let it be noted that there have not been explicit tests of the relative importance of these different population genetic processes as carried out for selection and genetic drift in island foxes (Funk et al. 2016 ).
Flightless Galapagos Cormorant (Phalacrocorax harrisi)
In spite of many previous scientific expeditions to the Galapagos, the flightless Galapagos cormorant (Figure 2 ) was only first described in 1898 (Livesey 1992) . Although Darwin (1859) had suggested that the development of flightlessness, where predators were absent, supported his theory of natural selection, he did not know about the flightless Galapagos cormorant! The Galapagos cormorant is the only flightless cormorant of the around 40 recognized species of cormorants. The closest relatives to the Galapagos cormorant, the flighted double-crested cormorant (Phalacrocorax auritus) and the neotropic cormorant (Phalacrocorax brasilianus), are found in North and South America, respectively. It is estimated from mtDNA that these species have a common ancestor with the Galapagos cormorant about 2 Ma (Kennedy et al. 2009 ) and from autosomal markers about 2.37 Ma (Burga et al. 2017 ).
An estimate of the autosomal genetic variation in the flightless cormorant found a very low nucleotide diversity of 0.0000685, only about 10% that found in the related double-crested and the neotropic cormorants (Burga et al. 2017) . The relatively low population size (see below) and potentially past strong selection in a novel environment resulting in multiple selective sweeps might have contributed to this low level of genetic variation. Generally, flightless cormorants stay less than 200 m from shore, so that movement between islands might potentially have had small founder numbers, also reducing genetic variation. In addition, El Niño events, which increase the water temperature and reduce the productivity of the feeding areas, could have resulted in past bottlenecks also reducing genetic variation (Valle and Coulter 1987) . Although there is no direct evidence of inbreeding depression, this very low level of genetic variation and the observed high infertility of eggs (Livesey 1992) suggest that it could be important.
The Galapagos cormorant is only found on the 2 youngest and most westerly Galapagos Islands, Fernandina and Isabela, along less than 400 km of shoreline. These islands have the most productive marine feeding areas in the Galapagos because of the prevailing ocean currents. The census number of cormorants in the 1970s and 1980s was between 700 and 900 (Valle 1995) except after the 1982-1983 El Niño, which resulted in about 50% mortality and a reduction in the population to about 400 individuals (Valle and Coulter 1987) . Valle (1995) estimated in the period from the late 1970s to the early 1990s that the average total number of cormorants was around 980 and using a demographic approach estimated that the effective population size during this time period was around 650, about 66% of the total number. During the same period using a demographic approach, he estimated that the generation length was 13.2 and 13.7 years in males and females, respectively. There is significant genetic differentiation between the 2 islands, which are separated by about 5 km across the Bolivar channel, and Table 1 . Information about the 6 taxa discussed below, giving the number of species on the Galapagos, when they were thought to colonize the Galapagos, how many islands they are on, and their total (and species) population number some differentiation is correlated with coastline geographic distance (Duffie et al. 2009 ). These patterns are consistent with the known low vagility and strong philopatry of flightless cormorants. Most movements along the shore are less than 2 km although dispersal up to 20-30 km has been reported, and several interisland migrations have been reported (Valle 1995; Duffie et al. 2009; Tindle et al. 2013) . Because of this genetic differentiation and limited movement, Duffie et al. (2009) advocated that the populations on the 2 islands be managed separately. The inability of the Galapagos cormorants to fly is primarily based on the greatly reduced and vestigial wings, which are about 1/3 the length that expected for a similar sized cormorant. The phenotypic differences in the Galapagos cormorant are thought to be an example of heterochrony where the retention of juvenile characteristics into adulthood influences the relative rate of forelimb and pectoral development (pedomorphosis) (Livesey 1992 ). In addition, there are a number of other morphological differences from other cormorants, including that the body mass of the Galapagos cormorant is much larger, for example, about 60% larger than the related double-crested cormorant (Livesey 1992) .
There is also a significant sexual size dimorphism in the flightless cormorants with males having body masses about 37% larger than females (Valle 2013 ). However, the sexual size dimorphism in the flightless cormorant is consistent with that expected with the increased body mass compared with other cormorants. Valle (2013) proposed that there was a selective advantage for larger sized flightless cormorant males in their Galapagos environment to dive deeper and take larger prey, such as moray eels and octopuses, and this consequently resulted in a broader feeding niche for the species.
Flightless cormorants are the only cormorants known to have facultative sequential polyandry in which females mate serially with different males and leave the care of young to the male (note that this is different from cooperative polyandry in Galapagos hawks discussed below). In addition, sex roles are somewhat reversed in courtship because females compete for males and males appear to select mates (Valle 2009) . Although there are a number of hypotheses to explain sequential polyandry, in flightless cormorants the explanation appears specific to the environmental situation. Because males can take larger prey than females, males are more efficient providers and a male can singly feed a nearly full-grown offspring, whereas the smaller female cannot (Valle 2009 ). As a result of sequential polyandry, a given female can have more surviving offspring because different males are the primary providers for the sequential offspring.
The Galapagos cormorant appears to have evolved before either Fernandina or Isabela were formed (Isabela was formed between 0.5 and 0.8 Ma and Fernandina less than 0.06 Ma; Geist et al. 2014) . As a result, the cormorant probably first evolved on what was the most westerly island around 2 Ma ago, Santa Cruz (Kennedy et al. 2009 ), which is estimated to be between 1.1 and 2.3 Ma. It is possible that they subsequently moved to Santiago when it arose around 0.8 to 1.4 Ma and then migrated westerly to Isabela and Fernandina as they were formed (Kennedy et al. 2009 ) and provided the best foraging habitat. The nutrient-rich western side of the Galapagos on the western shore of Isabela and the shores of Fernandina appears to be the only suitable environments now providing abundant and reliable food for the Galapagos cormorant. When there is limited food availability and reliability, as on the eastern shore of Isabela, reproduction is often greatly reduced (Duffie et al. 2009 ).
The Galapagos penguin is generally sympatric with the flightless cormorant, has 95% of its distribution along the shores of Isabella and Fernandina, and has similar adaptations (Nims et al. 2008 ). This has led to the suggestion that there is feeding competition between the 2 species. However, flightless cormorants feed on slow-moving or sedentary prey among rocks and crevices, whereas penguins normally feed on active, pelagic prey (Valle 2013) , consistent with little feeding competition between the 2 species.
In an effort to identify the genetic variants resulting in flightlessness, Burga et al. (2017) identified function-altering variants at multiple genes, none of which were found in related flighted cormorants. These variants are at genes that influence limb development and bone growth, many of which cause skeletal ciliopathies in humans. They are all probably new mutations, or possibly low-frequency standing variants, in Phalacrocorax harrisi. All of the variants identified at 11 different genes were fixed for the potentially functionaltering variants in the 20 different flightless cormorants examined. Burga et al. (2017) also screened for conserved noncoding regions that had accelerated evolution that might have contributed to loss of flight but did not identify any variants. Subsequently, Berger and Bejerano (2017) examined noncoding regions that are conserved in birds and found a number of candidate variants that had accelerated evolution.
Although loss of flight is often attributed to relaxed selection due to lack of predators, there might also be selection for flightlessness if it is advantageous (Watanabe et al. 2011 ). To examine the potential impact of positive selection, Burga et al. (2017) estimated the ratio of nonsynonymous to synonymous substitutions (dN/dS) for the 11 genes they identified as potentially contributing to flightlessness. Three of these genes had dN/dS ratios greater than unity although only one was statistically significant, indicating positive selection for flightlessness.
To summarize as far as the importance of population genetic factors in Galapagos cormorants (Table 2 ), selection appears to have been particularly strong influencing flightlessness and extreme morphology, and molecular evidence supports this. In addition, the development of sequential polyandry, novel in cormorants, appears to be the result of strong environmental selection pressure. There appears to be little gene flow between the populations of the 2 islands and there is even limited gene flow between sites on an island. The present population size is not large and historically the flightless cormorants appear to have gone through bottlenecks, resulting in extremely low molecular variation compared with other related cormorants. Although close inbreeding has not been documented, there is potential indication for inbreeding depression mainly from past small effective population size. Mutation or low-frequency standing variants appear to have been particularly important in flightless cormorants in generating new phenotypes, but it is unclear which of the candidate genes is most important phenotypically.
Pink Iguana (Conolophus marthae)
The Galapagos pink (rosada) land iguana ( Figure 3 ) was accidently discovered in 1986 and exists only in a single population on Isabela. This population is in a remote area on the most northern and highest volcano in the Galapagos, Wolf Volcano ). In addition to the strikingly different color from the other local yellow land iguana species (and black stripes on rump), the pink iguana is also different from the other land iguanas in morphology and head bobbing behavior used in mating ).
It is estimated that Conolophus marthae is significantly divergent from the other 2 species of land iguanas in the Galapagos and appears to have a common ancestor with them around 1.5 Ma (MacLeod et al. 2015) . One other species of land iguanas, Conolophus subcristatus, occurs on 6 western islands including Isabela and is syntopic with C. marthae. Based on molecular genetic analysis and morphology, C. subcristatus populations might be split into 2 separate species (Gentile G, personal communication) . The other species of land iguana, Conolophus pallidus, occurs only on the small island of Santa Fe and is molecularly much closer to C. subcristatus than C. marthae MacLeod et al. 2015) .
Examination of mtDNA in 102 pink iguanas found only one haplotype, suggesting that the population size has been small in the past (Gentile 2012) . In a survey of microsatellite loci, C. marthae had only 69% as much heterozygosity as the local population of C. subcristatus, the other land iguana on Wolf Volcano (Di Giambattista et al. 2018 ).
Using mark-recapture methods, the known population of C. marthae is estimated to be only 192 and exists in an isolated area of only about 11 km 2 near the rim of Wolf Volcano (Gentile et al. 2016) . The effective population size, using a linkage disequilibrium approach for microsatellite loci, is estimated to be only around 90 so that N e /N is about 0.47 (Gentile et al. 2016) . In contrast, the local population of C. subcristatus has a much larger estimated effective population size of about 360 (Gentile et al. 2016 ). In addition, estimates of the number of males and females in the pink iguana from 2006 to 2014 show a ratio of males to females of about 2:1.
Unfortunately, there appears to be little reproduction with no hatchlings, only one juvenile, and only a few subadults observed since 2005 (Gentile et al. 2016) . Although there has been no direct evaluation of inbreeding depression, the presence of only one small, isolated population, the very limited reproduction in this population, and low genetic variation compared with the other local land iguana suggests that inbreeding depression might be very significant.
Beyond the small population size of the pink iguana and its impacts, there are several other factors that could potentially influence the pink iguana population. Although the current distribution of land iguanas has been reduced due to human activity and nonnative species, the limitation of land iguanas to only 6 islands also suggests that migration between islands was not common for the pink iguana, assuming that it existed on more than one island in the past, and much less than that for marine iguanas (see below).
There is concern that hybridization with the more common land iguana C. subcristatus on Wolf Volcano could result in loss of the distinctive C. marthae genome. However, the head bobbing mating behaviors of the 2 species are quite different suggesting mating isolation. In an initial analysis of 57 land iguanas from Wolf Volcano, 15 were both pink and assigned genetically to C. marthae and 41 were both yellow and assigned to C. subcristatus and only one yellow iguana appeared to have C. marthae ancestry ). However, in a recent examination (Di Giambattista et al. 2018) , with both more microsatellite loci and many more individuals (108 C. marthae and 163 C. subcristatus from Wolf Volcano), the 2 species showed quite strong genetic differentiation, no evidence of ongoing hybridization, and no evidence of recent-past introgression of C. subcritatus into the C. marthae individuals examined. With this higher resolution, the individual that appeared to have some C. marthae ancestry now appears to have all C. subcristatus ancestry.
This lack of evidence of hybridization between these sympatric species suggests that reproductive isolation has developed between these species since their estimated divergence 1.5 Ma (MacLeod et al. 2015) . This is in contrast to the documented hybridization between Darwin's finches discussed below (Grant and Grant 2014) and the hybridization documented on Wolf Volcano between the local Galapagos tortoise species and species from other islands on Wolf Volcano because of past human actions (see below; Edwards et al. 2013; Miller et al. 2017) . There is also the possibility that competition with C. subcristatus could impact the C. marthae population (Gentile et al. 2016 ). Finally, non-native animals, particularly cats and rats, pose a threat to the C. marthae population, and cats are known to take iguanas up to several years old. As a result of these threats to the remaining isolated population, a head-start program, and other conservation initiatives, such as protection of nests, are being considered (Gentile et al. 2016) , and a captive breeding program is potentially another option.
Answers to several important questions remain about the pink iguana. The oldest volcano on Isabela is about 0.8 Ma, while it is estimated that C. marthae diverged from other land iguanas around 1.5 Ma or earlier. As a result, it appears that C. marthae evolved on another island, perhaps one of the more central islands to the east, migrated to Isabela and became extinct on the island where it evolved. When or if the gene(s) that results in the rosada color (or other distinctive traits) are identified and if the color is the result of a new mutant, then the relationship with the variation on the same gene in other land iguanas might shed light on whether the variant is new mutant or a standing variant with low frequency. Because the pink color is the result of depigmentation, which appears derived from other Galapagos iguanas, determining an adaptive explanation for its evolution might be possible.
To summarize as far as the importance of population genetic factors (Table 2) , it is unclear how much selection has influenced pink iguanas. Because there is only one population now, intraspecific gene flow is not possible and recent data support that there is no recent interspecific gene flow with the other syntopic species of land iguana. The population size presently is very small (around 90), and there is evidence of past bottlenecks because of only one mtDNA type present and relatively low genetic variation. Inbreeding has not been documented, but there is potential indication of inbreeding depression because of the very low reproductive success and low genetic variation. It is unknown what impact new mutation has had but given the very low effective population size it is unlikely that significant new variation has been generated recently from mutation.
Marine Iguana (Amblyrhynchus cristatus) Darwin (1839) described the marine iguanas as a "hideous-looking creature, of a dirty black colour, stupid and sluggish in its movements." However, marine iguanas are unique and the only lizard worldwide adapted to the marine environment ( Figure 4 ) where they feed on algae in the tidal and subtidal zones (Trillmich and Trillmich 1986 ). Interestingly, they are able to digest these algae with the help of endosymbiotic bacteria that are specialized in breaking down marine plants (Romero and Wikelski 2009 ). In fact, the only reptiles adapted to the marine environment are sea snakes, sea turtles, and marine iguanas (Lillywhite et al. 2018) . Marine iguanas have other unusual adaptations for marine existence including the ability of large males to dive up to 30 m deep and to stay under water up to an hour. While foraging they ingest large amounts of salt from water and algae and have developed efficient salt-excreting glands to eliminate the salt.
The divergence of the marine iguana from land iguanas has been estimated to be approximately 4.5 Ma (MacLeod et al. 2015) . Because the maximum age of the present-day islands in the Galapagos extends back to around 4 Mya for San Cristóbal (Geist et al. 2014) , this divergence potentially could have occurred on the extant islands and not on islands now submerged and identified as seamounts to the north and east of San Cristóbal as suggested by Rassmann (1997) and others. Unlike Galapagos land iguanas, which have 3 different recognized species, there is only one recognized species of marine iguanas (Miralles et al. 2017) .
The amount of genetic variation in marine iguana populations has been estimated to be generally high. For example, in 22 population samples analyzed for microsatellite variation, 20 had heterozygosity levels greater than 0.7, and of 24 samples analyzed for mtDNA diversity, 18 had haplotype diversity greater than 0.5 (Steinfartz et al. 2009 ; see also MacLeod and Steinfartz 2016). The lowest variation for both microsatellite loci (0.51) and mtDNA (0.00) was the sample from Punta Pitt on San Cristóbal, which also has lowest estimated effective population size of any samples analyzed (MacLeod and Steinfartz 2016), a low estimated census number , and is the most genetically distinct marine iguana population presently known.
Despite the ancient divergence between marine and land iguanas, populations of marine iguanas have quite recent common ancestry with the deepest divergence between populations estimated to be less than 50 000 years ago (MacLeod et al. 2015) . This recent estimate is consistent with the observation that marine iguanas are strong but relatively slow swimmers and have colonized all the major and minor islands in the Galapagos. Molecular and morphological analysis concluded that there are 11 clusters of marine iguanas named at the subspecies level, generally one for each major island except for two on San Cristóbal (Miralles et al. 2017 ). On San Cristóbal, there is also a third group with ancestry indicating Española origin. MacLeod et al. (2015) suggested that the estimated recent common ancestry between populations is the result of hybridization between populations before they became completely reproductively isolated. In other words, hybridization might act as a counter to speciation and could even result in despeciation, the loss of species through hybridization with another species. Hybridization could also result in the spreading of adaptive variants into other populations, contribute to the overall evolutionary success of marine iguanas, and be important for the persistence of the species when it sometimes encounters severe environments.
A number of hybrids between subspecies has been documented on San Cristobal, mainly between the Española-origin animals and the 2 local groups, as well as between migrants from Santa Cruz and the local types (MacLeod et al. 2015) . On the other hand, very few crosses between the 2 local groups were observed (<0.5%), suggesting some reproductive isolation between them. Further investigation found morphological differences between the 2 groups on San Cristóbal making this an unusual example of divergence within an island for marine iguanas. In fact, the areas where the 2 groups are present appear to be separated by areas with recent volcanic activity.
Interestingly, what appears to be a first generation hybrid between a female land iguana and a male marine iguana and with distinctive morphology was identified on the small island of Plaza Sur near Santa Cruz . Although the hybrid was obviously viable and appeared to be more than 10 years old, it was considered to be in poor condition. suggested that the environmental conditions that resulted in hybridization on Plaza Sur are unusual elsewhere because land iguanas on Plaza Sur are found close to the shore and they overlap in distribution with the coastal marine iguanas.
Using molecular markers, MacLeod et al. (2015) identified 10 migrants from Santa Cruz and Española and 8 between-island hybrids on San Cristóbal, suggesting that migration between islands for marine iguanas is not uncommon. Male marine iguanas have been observed swimming between islands during the breeding season (Steinfartz et al. 2009 ). found that maternally inherited mtDNA had much less genetic differentiation (Φ ST = 0.68) than autosomal microsatellites (θ = 0.10) and suggested that this was consistent with higher cumulative interisland dispersal for males than for females. Using more microsatellite loci, Steinfartz et al. (2009) found a similar differentiation pattern for mtDNA (F ST = 0.58) and autosomal microsatellite loci (F ST = 0.12). Using equation (7b) in Hedrick et al. (2013) , these data suggest that the level of gene flow for males is about 3 times as high (2.95) as that for females. However, using sex-biased dispersal tests, Steinfartz et al. (2009) concluded that in the current generation there was not differential dispersal between the sexes (see also Lanterbecq et al. 2010) . Wikelski and Nelson (2004) approximately estimated that the total population size of marine iguanas over all the islands was at a minimum of 37 000 and a maximum of 280 000. The largest maximum estimates were on Fernandina (120 000) and Isabela (40 000), and there are a number of islands with quite small populations. estimated the effective population size on a number of islands using 3 different genetic methods. Their N e estimates ranged from 2400 on Isabela and Fernandina combined to less than 100 for 2 different populations on San Cristobal. estimated that the census numbers in the 2 San Cristobal populations were 400 (La Loberia) and 183 (Punta Pitt), consistent with the low N e estimates there. Based on the estimates of N e , the level of genetic differentiation, and other considerations, MacLeod and Steinfartz (2016) identified 10 management units for marine iguanas with 3 having high priority, 2 on San Cristobal and 1 on Floreana and Española.
Marine iguanas breed and nest on land where the males form leks and defend small mating territories along the rocky shore to attract females (Wikelski et al. 1996) , an unusual mating system in reptiles. Females generally select males based on their body size, preferring larger males (Wikelski et al. 2001) . Marine iguanas are generally large, with the males weighing up to 12 kg, about 70% larger than the females. There appears to be both sexual selection for large size in males and for larger male size in foraging, which allows deeper and longer dives. On the other hand, during the stress from El Niño food shortages, there is strong selection against larger body size (Wikelski 2005 ) and marked marine iguanas were shown to be up to 20% shorter after El Niño than they were before (Wikelski and Thom 2000) .
Most of the adult marine iguanas are black which allows efficient heat absorption, important because the Galapagos waters are cold. However, during breeding males on some islands they have bright red or green coloration presumably to attract females. There are significant differences in the color of males on different islands with those on the small southern islands more colorful red and those on the small northern islands almost all black (Miralles et al. 2017) .
The variation in body size among marine iguana populations appears to be mainly environmental. Chiari et al. (2016) found that this body size plasticity was explained primarily by marine food availability as determined by surface temperature and shoreline area. In fact, food shortage due to the lack of edible algae when the temperature of the sea increases due to El Niño often causes high marine iguana mortality. For example, population numbers on Fernandina, which were very large before the 1982-1983 El Niño, had not recovered more than 2 decades later (Romero and Wikelski 2009) .
Like other animals on the Galapagos, marine iguanas are extremely tame, which has made them quite vulnerable to introduced predators, such as dogs and cats. Interestingly, Galapagos hawks, often hunting in groups, are efficient predators on marine iguanas. To somewhat compensate, marine iguanas recognize the alarm call of mockingbirds for the presence of hawks on Santa Fe and hide when they hear it (Romero and Wikelski 2009 ). Another threat is marine pollution to which marine iguanas are quite susceptible, probably because it kills the gut flora that are essential for digestion (Wikelski et al. 2002) .
To summarize as far as the importance of population genetic factors (Table 2 ), selection appears to have been strong influencing the marine iguana to adapt to a novel marine environment although at this point there are no molecular data identifying genes involved with this adaptation. There appears to be significant gene flow between populations, which appears to have resulted in low differentiation between subspecies and only one recognized species. In fact, hybridization between subspecies might have acted as a counter to speciation and could even have resulted in despeciation. There is no evidence that significant hybridization between marine and land iguanas has occurred. The population size is relatively large, but some populations appear to have low numbers where genetic drift, particularly after the El Niño has caused high mortality, could be important. There is no evidence that inbreeding or inbreeding depression is significant. With the large population size, it is possible that mutation has been important in generating new adaptive variants.
Galapagos Hawk (Buteo galapagoensis)
The Galapagos hawk is an important component of the Galapagos biological community as the top terrestrial predator in the Galapagos ( Figure 5 ). It generally not only takes smaller species such as centipedes, lava lizards, snakes, and rodents but also takes larger endemic species such as small marine iguanas and young tortoises. It also scavenges native species, such as sea lion placentae, and feeds on carrion from non-native species such as goats killed in eradication programs. It nests on 8 islands and formerly inhabited 3 others, Santa Cruz, San Cristobal, and Floreana, where human shooting appears to have caused their extirpation, partly because they also feed on chickens.
Based on mtDNA sequence data, the Galapagos hawk appears to have descended from a single colonization only around 125 000 years ago . This makes it the most recent colonization of the endemic vertebrate Galapagos taxa and a much more recent migrant to Galapagos than the cormorant, iguanas, tortoise, or finch. It is assumed that the ancestors of the Galapagos hawk colonized the Galapagos when some migrating Swainson's hawks (Buteo swainsoni), the species most closely related to the Galapagos hawk, were blown off course to the Galapagos during their long migration between North America and southern South America.
Even with this very recent colonization, the Galapagos hawk has developed several unusual characteristics. For example, they are so tame that Darwin (1839) said "A gun is here almost superfluous, for with the muzzle I pushed a hawk off the branch of a tree." This has not only allowed detailed scientific investigation of them but also contributed to their extirpation from 3 of the 4 human-inhabited Galapagos Islands.
When compared with Swainson's hawk populations for the same microsatellite loci, the average heterozygosity for the Galapagos hawk is only 39% that found in the Swainson's hawk (0.34 vs. 0.87) (Bollmer et al. 2011 ). Bollmer et al. (2011 also found greatly reduced MHC (major histocompatibility complex) variation in Galapagos hawks compared with Swainson's hawks, and Bollmer et al. (2006) found low mtDNA variation among Galapagos hawks. These estimates suggest that there was only a small founding number of individuals for the Galapagos hawk (and is consistent with the recent colonization date) and that this variation level has been further reduced over time in the small (and isolated) populations of Galapagos hawks.
Even though the estimated colonization time for the Galapagos hawk is quite recent, there is extensive population genetic differentiation between populations on different islands (Koop et al. 2014 ), a finding supported by the rare documented cases of banded birds moving between populations (Bollmer et al. 2005 ). The high differentiation levels observed measured by F ST appear to reflect the low levels of migration, low population size, and low levels of withinpopulation heterozygosity. Generally, Galapagos hawks do not cross water between islands, a behavior consistent with that in Swainson's hawk, which avoids flying over water even though they make very long migrations. Interestingly, a very similar pattern of differentiation exists for a parasitic feather louse that is known to live only on Galapagos hawks, suggesting that it simultaneously colonized the Galapagos on the hawk and then differentiated over time and space with its host Galapagos hawk (Koop et al. 2014) .
Although the behavior of some Galapagos hawk populations has been studied in great detail, there does not appear to be good published estimates of population size. In general, the Galapagos hawk population sizes are small and isolated. Populations on the 2 larger islands of Santiago and Isabela consist of several hundred individuals and populations on the other 6 small islands are less than 100 each (Bollmer et al. 2011 ). There are 8 breeding populations on different islands, and the total population is thought to number around 400-500 adults and 300-400 juveniles (Birdlife International 2016). However, in a detailed study (Parker P, personal communication) of 2 areas on Santiago over 20 years, documenting breeding territories containing 2-8 adults as a breeding group, this island probably has around 200 breeding groups compared with the 50 groups suggested by Birdlife International (2016). Extrapolating these numbers to the total occupied area, Parker P (personal communication) suggests that there are around 400-500 breeding groups over the 8 populations.
Galapagos hawks have a nesting behavior quite unusual in other hawks (Kimball et al. 2003) , described as cooperative polyandry. In this behavior, 1 female and multiple males (up to 8 but usually 2 or 3) have a year-round territory and collectively provide for and protect the young. This is quite different from the sequential polyandry of the flightless cormorant because in the hawk behavior there is only 1 nest for a given female and associated males and generally only 1 offspring survives per year in a given territory.
As with other hawks, the females are larger (about 30%) and also more aggressive than the males. From genetic analysis, cooperating males are no more related than a random group from the population at large (Faaborg et al. 1995) . The female copulates with all of the males and from genetic paternity analysis the progeny appear randomly distributed over these males with different male parents in different years (Faaborg et al. 1995) . Galapagos hawk populations vary in their level of polyandry on different islands with strict monogamy observed on Española and different levels of cooperative polyandry elsewhere (Bollmer et al. 2003) . These different levels of polyandry are conjectured to reflect variation in resource availability and habitat structure but the cause of variation in social structure is uncertain and it is not clear whether polyandrous groups are more successful than monogamous groups.
Although there are no estimates of the effective population size of Galapagos hawks, the influence of differences in N e can be seen by comparing estimates of heterozygosity for microsatellite loci. For the 2 largest populations on Santiago and Isabela, the heterozygosity is about 3 times higher than for the small populations on Santa Fe and Española (0.395 vs. 0.130) (Bollmer et al. 2011 ). In addition, it is possible that N e is significantly lower than the census number because cooperative polyandry limits the number of female breeders. That is, under cooperative polyandry, N e might be more a function of the number of territories than the number of breeders because there are multiple potentially breeding males per territory.
The Galapagos and Swainson's hawks are quite different in plumage and morphology. Swainson's hawks have narrower wings and lower body mass compared with the Galapagos hawks (Hull et al. 2008) , suggesting divergent selection in the Galapagos hawk because it recently colonized the archipelago. In addition, there are significant differences in the Galapagos hawk on different islands in both mating behavior and appearance (Bollmer et al. 2003; Hull et al. 2008) although how much of this variation is genetic is unknown. It does appear that hawks on smaller islands with less genetic variation had more lice and a poorer immune response .
To summarize as far as the importance of population genetic factors (Table 2) , the Galapagos hawk has only been on the Galapagos for a relatively short time compared with the other endemic species discussed here. However, the importance of the unusual behavior of cooperative polyandry in Galapagos hawks demonstrates that new behaviors can develop in a relatively short time. The overall population size is not large and the population size is quite small on some islands. There appears little gene flow between populations on different islands, which along with low population size, appears to have resulted in high differentiation between islands. There is no direct evidence that inbreeding or inbreeding depression is significant, but the low genetic variation and small population size suggest that they could be important. It appears that the males in a polyandrous group are unrelated and share paternity but with only one reproducing female in a breeding group, the effective population could be low. It is unlikely that mutation has been important because of the short time span since colonization and the low population number.
Giant Tortoise (Chelonoidis spp)
Giant tortoises (some weigh up to 400 kg) are the signature species of the Galapagos (Figure 6 ). In fact, the name Galapagos comes from an old Spanish word for saddle, which explorers used to describe the saddleback shell shape of some of the tortoises. The tortoises are the largest terrestrial vertebrates on the Galapagos and largest cold-blooded terrestrial herbivores alive on the earth today. As top herbivores in the Galapagos, they spread seeds, act as ecological engineers, and greatly influence Galapagos ecosystems . As a result, one reason for reintroducing tortoises to islands where they have been extirpated is to reinstitute these fundamental ecological services.
Tortoises occurred on all the major islands in the Galapagos but have become extinct on 4 islands since humans arrived in 1535. They were extremely abundant with an estimated population number of 200 000-300 000 over all the islands before the impact of humans. Humans (whalers, sealers, buccaneers, and settlers) harvested at least 100 000 tortoises and perhaps up to 200 000 tortoises in all (MacFarland et al. 1974) . It was claimed that tortoise meat was better than chicken, pork, or beef and their high-grade oil was known to be valuable as a lamp fuel. As a recognition of the tortoise differences between the islands, Darwin (1839) stated that the tortoises from Santiago were "rounder, blacker and had a better taste when cooked" compared with tortoises from nearby Isabela and Santa Cruz.
Humans also introduced animals, such as goats and donkeys, which were tortoise competitors, destroyed the forage base, and trampled nests, and pigs, rats, dogs, and cats, which were predators on tortoise eggs and hatchling tortoises. As a result of these impacts, total tortoise numbers were estimated to be only between 8420 and 13 830 in the 1970s (MacFarland et al. 1974) . With extensive conservation efforts, mainly a captive breeding, rearing, and repatriation program, and controlling invasive mammals, the numbers now are estimated to be between 26 735 and 35 440 (Cayot L, personal communication). A 2016 census on San Cristobal, using a capture-recapture method, estimated the population size to be around 6700 tortoises, greatly recovered from the 500 to 700 estimated there in the early 1970s.
The closest living relative to the Galapagos tortoises is the South American species Chelonoidis chiliensis (Caccone et al. 1999) , which is much smaller (around 25 cm in carapace length) than the Galapagos tortoises. However, there were other, now extinct and larger, tortoises in the same lineage in South America, which might have been the ancestor of Galapagos tortoises. It is estimated that the ancestor of the Galapagos tortoises colonized the oldest islands 3-4 Ma (Poulakakis et al. 2012) . Tortoises are thought to have subsequently colonized other islands as they arose by passive transport (Gerlach et al. 2006) in the prevailing currents which go northwest with the most recent species on Isabela dated to around 200 000 years ago (Garrick et al. 2014) .
Genetic variation has been estimated by Garrick et al. (2015) for microsatellite loci and by Miller, Quinzin, Edwards, et al. (2018) for nucleotide variation in different tortoise species. The level of microsatellite variation is generally high with heterozygosity ranging from 0.49 on Española to 0.80 on Santiago. For nucleotide heterozygosity, the lowest level was also for Española at 0.078 and the highest levels for Santiago (0.142) and an Isabela species (0.163).
Different Galapagos tortoise taxa were determined historically by island of origin (or volcano) and morphology but molecular genetics techniques have now been applied to tortoise taxonomy (Poulakakis et al. 2015; Miller, Quinzin, Edwards, et al. 2018) . Once Galapagos tortoises were considered all one species with multiple subspecies but more recently they have been considered a number of different species in the genus Chelonoidis (Rhodin et al. 2017 ). This includes the 11 existing species and 4 nowextinct species from Pinta, Floreana, Fernandina, and Santa Fe (Poulakakis et al. 2015) . Lonesome George, the last known purebred tortoise from Pinta, died in 2012, resulting in extinction of that species.
There was only one tortoise species on a given island except for Isabela which has 5 species on 5 different volcanos there (separated by tortoise-impassable lava beds) and Santa Cruz which has 2 species, one on the western part and one on the eastern part of the island (Poulakaksis et al. 2016 ). This pattern suggests that natural movement and gene flow between islands or volcanos is rare (Poulakakis et al. 2012 ). Species on a given island generally appear to be the result of single colonization (possibly even a single female who can carry sperm for long periods). However, there is genetic support for 2 temporally separate colonizations of Wolf Volcano from Santiago (Garrick et al. 2014) . The hybrids between species recently identified genetically, which we will discuss below because they have ancestry from now-extinct species, appear to be the result of past human-facilitated movement of tortoises between islands. Garrick et al. (2015) also estimated effective population size N e using a linkage disequilibrium approach and compared this with estimates of the census number N from MacFarland et al. (1974) . Nearly all the estimates of N e were less than 100 and some were less than 25. These estimates were highly correlated with the earlier census estimates and the average N e /N ratio was only 0.16 although there was wide variation. For example, the N e /N estimate for Española, where both N e and N were small, was 0.61, and the N e /N estimate for Santiago where N was relatively high, was only 0.02 because of a very small estimate of N e . They also found evidence for recent genetic bottlenecks and inbreeding in the species with low heterozygosity. Beheregaray et al. (2003) also found genetic evidence for a bottleneck in the tortoises of the Alcedo Volcano on Isabella around 0.1 Ma. Overall, Garrick et al. (2015) discussed how complicated understanding the genetic effects on Galapagos tortoises is because these effects have changed over time and N e does not appear to be correlated with either island age or island size, and both past human killing and present-day management could affect these estimates (Gibbs J, personal communication) .
From fossil data, giant tortoises comparable in size to the Galapagos tortoise, or larger, were present on all the continents except Antarctica. Today, giant tortoises are found only on the remote islands in the Galapagos and the Seychelles in the Indian Ocean. Although giant tortoises are not good swimmers, they can float after being washed to sea by flash floods and survive without fresh water and food for up to 6 months . It is assumed that giant tortoises were extirpated from the continents by humans (although there is not much direct evidence of this) and remained extant only on the Galapagos and the Seychelles because these islands were relatively recently discovered by humans and relatively unpopulated.
In fact, the large size appears necessary, or at least very advantageous, to survive floating to remote locations, supporting the idea that the original tortoise colonizers to the Galapagos were large . In other words, Galapagos tortoises do not appear to be an example of island giantism, which occurs when the size of island animals becomes large compared with related species on the mainland because of relaxed selection due to fewer predators and competitors. Further support for this conclusion comes from the giant Seychelles tortoises which have gone extinct several times and were subsequently colonized again by large tortoises (Taylor et al. 1979; Palkovacs et al. 2002) , that is, the large size does not appear to have evolved there. For perspective here, it is important to remember successful colonization of the Galapagos by tortoises appears to have only occurred once as shown by their monophyletic origin. It is more parsimonious to assume that giant tortoises related to the chaco tortoise, and potentially physiologically able to survive the long passage from South American, colonized the Galapagos rather than small tortoises, much less able to survive the long journey, colonized the Galapagos, and then evolved large size over the past 3-4 My.
Examining the genomes of the giant tortoises from the Galapagos (Lonesome George) and the Seychelles, Quesada et al. (2019) have found similar molecular changes in some genes potentially influencing size, changes they suggested might be related to giantism. In addition, Quesada et al. (2019) documented changes in genes in the tortoise genomes potentially related to aging in the long-lived tortoises. As candidates, they found changes in genes in the tortoises, compared to other vertebrates, thought to be related to longevity, immune response, tumor suppression, DNA repair, and other functions.
Domed and Saddleback Shell
The most obvious morphological differences between Galapagos tortoises are the 2 main types of shell, the domed and the saddleback carapace. Darwin (1839) was told the people in Galapagos could "distinguish the tortoises from different islands not only in size, but in other characters." The saddlebacks have a high anterior carapace opening and long forelegs and neck, whereas the domed tortoises have a low curved front and relatively shorter forelegs and neck (see Figure 6 ). Seven tortoise species are saddlebacks, 3 of which are found on Española, San Cristobal, and Pinzon, whereas the saddleback species on Pinta, Floreana, Fernandina, and Santa Fe are extinct (Miller et al. 2017) . Domed forms are found on Santa Cruz and on the 5 volcanos of Isabela and intermediate forms between the saddleback and domed are found on San Cristobal and Santiago.
The ancestral carapace form appears to be the domed shape that occurs in the putative ancestral tortoises from South America. The derived shape appears to be the saddleback, which is only known from the Galapagos except possibly for some extinct tortoises from the Indian Ocean (Griffiths et al. 2013) . When tortoises are raised in captivity in the same environment, the different carapace types still result, providing support for their genetic determination (Fritts 1984) . Interestingly, phylogenetic analysis of the different Galapagos tortoise species does not cluster the saddleback type, suggesting that the saddleback morphology evolved multiple times in different species (Poulakakis et al. 2015) . This pattern also suggests that there is standing genetic variation (or developmental plasticity) upon which selection can operate to generate the saddleback shape and that the probability that independent mutations in different lineages causes this pattern is unlikely.
It has been thought that the 2 carapace shapes provide adaptation to different environmental conditions (Hunter et al. 2013) . The saddlebacks are somewhat smaller, even though they have a longer neck and front legs, and they are generally found on low and dry islands where food is limited. As a result, it has been thought that the saddleback morphology allowed greater vertical reach for browsing on higher vegetation, particularly on Opuntia, the prickly pear cactus. On the other hand, the larger domed tortoises are generally found on islands with more vegetation and on higher slopes where there is more abundant forage. Hunter et al. (2013) translocated both saddleback and domed sterilized tortoises to Pinta where the endemic tortoise is extinct (see Discussion). As predicted from the adaptation hypothesis above, the saddleback tortoises selected areas with higher densities of Opuntia cactus and the domed tortoises selected higher elevation and moister areas without cactus. Chiari et al. (2017) have recently provided another adaptive explanation for the saddleback carapace. The saddleback tortoises are generally found in drier habitats with uneven lava rock surfaces. When tortoises fall over on their backs in these environments, the ability to self-right quickly is advantageous to reduce mortality. To test this hypothesis, Chiari et al. (2017) developed models of saddleback and domed tortoises to compare their abilities to self-right and found advantages for the saddleback over domed in self-righting. In addition, it has also been proposed that the saddleback morphology provides an advantage in thermoregulation in hot, dry environments, whereas the domed shape provides protection against cold. Finally, male competition over mates is often determined by vertical neck height rather than body size giving an advantage to male tortoises with longer necks and the saddleback morphology. Although feeding ecology, self-righting, thermoregulation, and sexual competition could all potentially contribute to the multiple origins of the saddleback tortoises, determining which selective forces were most critical, or which came first, remains.
Resurrecting Extinct Species
In recent decades, there have been extensive, and generally successful, efforts to conserve the different species of Galapagos tortoises (e.g., Milinkovitch et al. 2013) . Because several tortoise species are extinct and several more are threatened with extinction, captive breeding of tortoises has become important. For example, the endemic giant tortoise species on Pinzon (Chelonoidis duncanensis), once numbering in the thousands, was thought to have gone extinct in the early 20th century. However, a few old tortoises were eventually located and eggs laid in the wild were moved every year to a protected facility. There the hatchlings were allowed to develop until they reached a size large enough to survive attack from non-native black rats on the island, in what is called a head-starting captive breeding program, and then released back on to the island (Jensen et al. 2015) . A black rat eradication program appeared to be successful in 2012, but as insurance, 15 adults (8 females and 7 males) were brought into captivity. The success of these efforts was demonstrated when 10 newly hatched tortoises were found on the island in 2015-the first in situ reproduction in over a century . Recently, a comparison was made of whole mtDNA sequence variation from before the bottleneck (around 1906) and from individuals on the island from the head-starting program caught in 2014 . The mtDNA diversity observed in the 2 samples was not significantly different, suggesting that the bottleneck was not severe enough to result in detectable loss of variation. However, because of their very long generation time in Galapagos tortoises, this period of around 100 years probably consists of only 1 or 2 generations.
Population genetic analysis has been fundamental in identifying individuals with the appropriate ancestry for several other extinct species. In the late 1960s, it was realized that the saddleback tortoises on Pinta (Chelonoidis abingdoni) had nearly all disappeared, mainly because of human hunting and goats altering the habitat. Extensive search efforts found only a single male tortoise, now known as Lonesome George, who was brought into captivity in 1972. He was placed with 2 females from Wolf Volcano, and they eventually produced eggs, but none of them hatched. He died in 2012 and was the last known purebred native tortoise from the Pinta species. He has been preserved and is now on display at the Galapagos National Park Headquarters on Santa Cruz.
Genetic examination of tortoises from Wolf Volcano identified some individuals that appeared to have hybrid ancestry from the local tortoise species Chelonoidis becki and the 2 extinct species from Pinta and Floreana (Poulakakis et al. 2008) . These tortoises are thought to be descendants of tortoises thrown overboard or lost in shipwrecks by whalers or others because on the west side of Wolf Volcano is Banks Bay, a natural harbor used by many vessels during the 1800s. As a result, an expedition in 2008 to Wolf Volcano collected samples from 1667 tortoises and 17 (9 females, 3 males, 5 juveniles) showed ancestry from Pinta (Edwards et al. 2013 ). Genetic analysis suggested that 4 of these tortoises might even have had a purebred Pinta parent. Because only a small proportion of the tortoises on the vast Wolf Volcano were sampled, it was thought possible that there might still be purebred Pinta tortoises there.
The Floreana species of saddleback tortoise, Chelonoidis niger (formerly Chelonoidis elephantopus), is a tortoise species that has been extinct since the mid-1800s. In a 10-day expedition in 2015, Wolf Volcano was searched for tortoises with good saddleback morphology. In total, 144 tortoises with saddleback carapaces were found and the 32 with the most pronounced morphology were taken to Santa Cruz for captive breeding. Using microsatellite loci that had proven successful in distinguishing between the tortoise species and assaying for the ancestral Floreana type from genetic studies of museum bones, ancestry from different tortoise species was determined. Of the 32 saddlebacks, 23 individuals (9 males and 14 females) had estimated ancestry from the Floreana species from 0.44 to 0.77. Although there do not appear to be any purebred Floreana tortoises in this group, a number of tortoises appeared to be either first-or second-generation crosses with the native domed tortoise species (Miller et al. 2017) .
Nine tortoises (6 females and 3 males) known to have Floreana ancestry from previous genetic testing (Russello et al. 2010) were already in captivity and were allowed to breed from 2011 to 2014 and produced 130 offspring. Miller, Quinzin, Scheibe, et al. (2018) found from genetic parental testing that 8 of these 9 breeders contributed to this group of progeny, although with large variation among individual parents, and that 21 of these progeny are estimated to have >80% of their ancestry from Floreana.
To summarize as far as the importance of population genetic factors (Table 2) , it is unclear how strong selection has been in influencing giant tortoise morphology, but the apparent derived saddleback appears to have a selective advantage in the lower elevation, more arid environments that dominate the archipelago. It appears likely that the original tortoise colonizers were already giant and they did not evolve giantism after colonization. There appears little or no natural gene flow between populations (although there is documentation of a case of multiple colonization) and most observed admixture appears to be the result of historical human movement of tortoises over the last 2 centuries. There is evidence of hybridization between species suggesting that there are not strong reproductive isolation barriers to prohibit crosses between some species. The population size was large before human impacts and some species still have large populations. However, the tortoises went through recent bottlenecks, and several populations have low numbers and many have low estimated effective population sizes. In the efforts to restore endangered or extinct species, small population size in captive populations or reintroductions might also have significant impacts. There is evidence of inbreeding in species with lower heterozygosity, but there is no evidence of inbreeding depression. It is possible that mutation has been important, but there is no molecular evidence to date to support this. Comparisons between saddleback and domed tortoise, or some known hybrids, might identify genes important in carapace type. Comparisons between Galapagos tortoises and related South American tortoises might identify genetic variants that are important in giantism.
Darwin's Finch
Surprisingly, Darwin observed that the mockingbirds on different islands in the Galapagos were phenotypically different (see Nietlisbach et al. 2013 for a modern examination), but he did not realize the morphological patterns of the finches he collected indicated different species (Darwin apparently did not even label the island source of the collected finches) (Figure 7) . It was only until he returned to England and John Gould, a well-known British ornithologist, examined them that it becomes obvious that they were a number of different and new species. Although the term Darwin's finches is widely used now, it was only made popular by another British ornithologist, David Lack, in his book entitled Darwin's Finches (Lack 1947 ).
Darwin's finches descend from a common ancestor that was estimated to have colonized the Galapagos around 2.3-2.6 Ma (Sato et al. 2001; Funk and Burns 2018) . They appear most closely related to the dull-colored grassquit (Tiaris obscurus), which is found in mainland Ecuador and a number of other South American countries and is a member of the tanager family and not a true finch (however, see Funk and Burns 2018) . Lamichhaney et al. (2015) estimated that the first split in the Darwin's finch phylogeny, that between the warbler finches and the other finches, took place around 0.9 Ma and that the rapid evolution of the ground finches started about 0.1-0.3 Ma. They suggested that these are minimal time estimates because gene flow between the taxa could reduce the estimated time of differentiation between groups.
Generally, it has been assumed that there are 14 species of Darwin's finches in the Galapagos (a 15th species inhabits Cocos Island to the northeast) that are divided into 4 different genera: the ground finches (Geospiza) with 6 species, tree finches (Camarhynchus) with 5 species, warbler finches (Certhidea) with 2 species, and the vegetarian finch (Platyspiza) (Lamichhaney et al. 2015) . However, from their genomic analysis along with consideration of morphology, song, and island residence, Lamichhaney et al. (2015) concluded that there are 3 additional species (2 ground finches and one cactus finch) for a total of 17 species on the Galapagos (see supplemental information in Lamichhaney et al. 2015 ) (the analysis of Farrington et al. (2014) suggested there are 15 species). The larger central islands generally have the same group of 9 or 10 finch species, and many of these species are also present on smaller less central islands (Grant 1999) .
The Galapagos were opportune for rapid evolutionary change in the finches because there are many islands, few natural competitors and predators, and multiple habitats and niches to colonize. In addition, the finches have a shorter generation length (estimated to be 4.5 and 5.7 years for Geospiza fortis and Geospiza scandens, respectively, Grant and Grant 1992) compared with the other vertebrates discussed here, allowing fast adaptive change over a given amount of time. The finches also have high levels of genetic variation upon which natural selection can act. For example, for a number of traits associated with size and beak size in G. fortis (the medium ground finch), Grant and Grant (2014) found a high heritability of about 0.8 over 7 samples spaced over 16 years. Recent genomic research has identified a number of loci that appear to contribute to beak size and beak shape (Lamichhaney et al. 2015 (Lamichhaney et al. , 2016 Chaves et al. 2016; and presumably contribute to these high heritability estimates. In addition, estimates of nucleotide diversity in the finches are also quite high with levels ranging between 0.3 × 10 −3 to 2.2 × 10 −3 (Lamichhaney et al. 2015) . Daphne Major, the island where much of the evolutionary research on Darwin's finches has been carried out by Peter and Rosemary Grant and their colleagues is a small island of around 34 hectares. Detailed population genetic studies on Darwin's finches, like those discussed here, are generally possible because some populations are small and localized, they can be marked individually, and they are very approachable. Daphne Major is near the center of the Galapagos archipelago and is about 8 km north of Santa Cruz and 8 km west of Baltra. Grant and Grant (2010) examined over 2 decades of data to compare the level of gene flow into Daphne Major from Santa Cruz for 4 resident species and the level of interspecific hybridization between them.
First, they found gene flow into Daphne Major for all 4 species. The number of immigrants per generation was very high for Geospiza magnirostris (large ground finch) (9.0), whereas for the other 3 species, it was less than one (from 0.23 to 0.78). On the other hand, hybridization between species does not appear to occur between G. magnirostris and the other species, whereas there is hybridization between G. fortis and both Geospiza fuliginosa (small ground finch) (1.37 individuals per generation into G. fortis) and G. scandens (common cactus finch) (3.05 individuals between species). On Daphne Major over 20 years and out of 1926 pairings, 3.8% were between species (Grant and Grant 2014) .
Overall, Grant and Grant (2010) suggested that the standing genetic variation of G. fortis and G. scandens on Daphne Major is influenced more by interspecific hybridization than by conspecific gene flow from outside the population. They have also documented that hybridization increases the level of additive genetic variation for a number of traits (Grant and Grant 1994) . In their genomic analysis of all the Darwin's finches, Lamichhaney et al. (2015) also found evidence of extensive interspecific gene flow between different species, particularly among ground finches and tree finches. Although interspecific gene flow has increased the available genetic variation within species, this interspecific hybridization has resulted in the loss of several species, or despeciation (Grant et al. 2004; Kleindorfer et al. 2014) . McKay and Zink (2015) opined that such introgression has limited the ability of the ground finches to attain species status and concluded that they are better considered one species with multiple ecological morphs.
In addition to the evidence that both gene flow and hybridization are important in introducing adaptive variation in Darwin's finches, there is support that new mutation has provided variation for adaptation in Darwin's finches. For example, it appears that the coalescence time for adaptive variants is much less than the estimated date of colonization of Darwin's finches (Andersson L, personal communication). Furthermore, specific support comes from 2 missense mutations in gene ALX1 (Lamichhaney et al. 2015 , Extended Data Figure 7) , which appear to be new mutations. One missense mutation occurs where the residue is conserved among all birds and mammals so far sequenced and the other missense mutation results in a more drastic morphological change. In both cases, the missense mutation results in a blunt beak variant that is the derived allele (Andersson L, personal communication). The Darwin's finches are generally similar in plumage and courtship displays, but the species are quite different in size, beak size, and beak shape. For example, the smallest warbler finches weigh only 8 g and the largest large ground finches weigh 40 g (Grant P, Grant R, personal communication) . Perhaps most importantly they display a great variety of beak shapes and sizes, which reflect adaptations to different food resources. In the Galapagos, they fill what were empty niches occupied by other bird species in more species-rich mainland communities. They also have very different feeding behaviors, some of which are not seen in other species. For example, the sharpbeaked ground finch on the northern islands of Darwin and Wolf pecks on nesting boobies and drinks its blood, especially in the dry season of food scarcity. The woodpecker finch uses a cactus spine or twig to insert into holes to obtain beetle larvae and the endangered mangrove finch also has tool-using abilities.
Using estimates of genetic variation, Lamichhaney et al. (2015) estimated that the effective population sizes for the different finch species were quite large. On Daphne Major using demographic data, Grant and Grant (1992) estimated that the N e /N ratios were 0.30 for G. fortis and 0.40 for G. scandens over 3 years. Subsequently, they found very high variation in fitness in these populations and suggested that the N e /N ratio might be much lower (Grant and Grant 2000) .
Because of the very large numbers of finches that inhabit all the major and many of the smaller islands, 32 islands in total (Grant R, Grant P, personal communication) , direct estimation of the actual numbers of Darwin's finches would be a very large task. However, a general estimate can be obtained by assuming that 6000 km 2 of the Galapagos are inhabited by finches and that the density is about 400 birds/km 2 , for a rough estimate of 2 400 000 finches overall, and it seems very likely that there are at least 1 million Darwin's finches (Grant R and Grant P, personal communication) . The most common species is the small ground finch G. fuliginosa, which numbers about 25% of all the finches.
In addition, finch population sizes vary significantly over different islands and at different times. Currently, the most extreme situation for a small finch population size is for the mangrove finch (Camarhynchus heliobates), which now exists in a single small population of about 80-100 individuals with very low reproductive success on the northwestern coast of Isabela . The present population has an estimated effective population size of only 21.5 and compared with the historic population on Isabela, it has lost a significant proportion of genetic variation.
Impacts on this population include predation by non-native black rats and high nestling mortality from an introduced bloodsucking parasitic fly, Philornis downsi (Kleindorfer and Dudaniec 2016) . In addition, some of the few remaining mangrove finches have mated with the more common congeneric woodpecker finches (C. pallidus), which are similar phenotypically but are ecologically different. Although hybridization can introduce new variation into a species, in this case, hybridization could result in extinction of the rarer mangrove finch by mating with the more common woodpecker finch (see Peters et al. 2017 for another similar case).
Conservation efforts for the mangrove finch include rat control and a head-starting program in captivity to allow the mangrove finch to avoid mortality from the parasitic fly. Over the past 3 years, 36 birds have been head-started and released back into the wild population. Recently, one of the head-started birds was exhibiting breeding behavior, suggesting that this management action could be of significant benefit to the population.
Selection Estimate
Selection on beak size (and beak shape) in Darwin's finches appears particularly strong. As an example, the medium ground finch (G. fortis), which is native to Daphne Major, has a range of beak sizes, including birds with larger beaks that eat larger seeds and birds with smaller beaks that eat smaller seeds. A severe drought occurred there in 2003 and 2004 and, as a result, no new seeds were produced. The large ground finch (G. magnirostris), which was a migrant to Daphne Major in 1982 and subsequently established a population, prefers large seeds (Grant and Grant 2006) . As a result, of the food shortage and competition with the large ground finch for large seeds during the drought, the large-beaked medium ground finches were at a great disadvantage because of the strong selection against their large beak size. Lamichhaney et al. (2016) carried out a genomic scan to determine what genes might be associated with beak size in G. fortis. They found that variants for gene HMGA2, which is associated with height and facial characteristics in humans, showed a strong association with beak size. An HMGA2 haplotype denoted as S was strongly associated with small beak size, the alternative haplotype L was strongly associated with large beak size, and there was an additive effect on beak size. Because HMGA2 is known to be a transcription-facilitating factor, the association of this single nucleotide polymorphism (SNP) with beak phenotype is the result of a regulatory change. Lamichhaney et al. (2016) examined the HMGA2 genotypes at this SNP for 71 medium ground finches that experienced the severe drought (37 survived and 34 died). They found that the finches with genotype LL (the larger-beaked finches) had the lowest survival (30%) and the finches with genotype SS (the smaller-beaked finches) had the highest survival (73.7%), and that the selection coefficient between the 2 homozygotes from this drought was s = 0.59, an incredibly high selection difference. In addition, because the S allele is fixed in the small ground finch, it could have been introduced into G. fortis by interspecific hybridization, therefore providing an adaptive variant when small beak size was selectively advantageous.
Inbreeding and Inbreeding Depression Estimates
Because of the ability to mark and follow finches individually, family relationships and pedigrees have been constructed in some finch populations. Using family data, inbreeding and inbreeding depression have been measured in both G. scandens (common cactus finch) and G. fortis (medium ground finch) on Daphne Major over 17 years (Keller et al. 2002) . The harmonic mean population size on the island during this period was about 80 for G. scandens and 200 for G. fortis, but the population size has ranged from less than 60 to 600 for G. scandens and from less than 100 to over 1500 for G. fortis. Keller et al. (2002) found from pedigree analysis more inbreeding f in G. scandens (mean f = 0.093) than for G. fortis (mean f = 0.053). They also found significant inbreeding depression in G. scandens, particularly in stressful environments, whereas there was no significant inbreeding depression in G. fortis. For example, when f = 0.25 and there was low food supply in dry years, juvenile survival in G. scandens was reduced by 65% to that compared with noninbred individuals, whereas in more normal years, there was no reduction in survival. Using these data, Keller et al. (2002) , estimated that there were 8.5 lethal equivalents per individual for G. scandens and zero lethal equivalents for G. fortis in these populations.
In 1981, a large immature male cactus finch (Geospiza conirostris) (called Big Bird below, see Figure 7 ) arrived on Daphne Major and genetic evidence suggests that it had come from Española, an island more than 100 km away (Lamichhaney et al. 2018 ). This migrant was 70% larger than the resident medium ground finches (G. fortis). He also had a high fitness, because he lived 13 years, paired with 6 different females, and had 18 surviving progeny. Because of the detailed study of this population (Lamichhaney et al. 2018 ), a pedigree of this population for the next 6 generations was constructed (Figure 8 , see Grant and Grant 2014 for more detail).
In the parental generation at the top of the pedigree, there is the large male cactus finch (Big Bird) and 2 female medium ground finches (G. fortis), one of which was his mate. Big Bird and this mate produced 5 offspring shown here for generation 1. One of these progeny mated with the other G. fortis female at the top of the pedigree and 2 other offspring mated with each other (brothersister mating) to produce generation 2. For the next generation, 2 offspring of these matings mated with each other to produce generation 3, and so on.
Using traditional pedigree analysis (Hedrick 2011) , the expected inbreeding coefficient f for these individuals and those in subsequent generations can be calculated. For example, in generation 1, the expected f = 0 because Big Bird and his G. fortis mate are assumed to be unrelated. In generation 2, 2 of the individuals have an expected f = 0.25 (progeny of a brother-sister mating), whereas one has f = 0 for an average inbreeding of 0.167. Lamichhaney et al. (2018) calculated the observed f using genomic data over these generations. Notice in Figure 8 that the observed and expected f values for generations 3-6 are relatively close to each other.
The difference between the observed and expected f values in generations 1 and 2 probably occurs because of differentiation between the 2 parental species. Big Bird (G. conirostris) and his mate (G. fortis) belong to different species with somewhat different allele frequencies and their offspring have an observed excess of heterozygosity compared with Hardy-Weinberg proportions (Robertson 1965; Purser 1966) , making the estimated observed f negative in this generation. In the next generation, this excess of observed heterozygosity disappears and the observed f is close to 0, as expected theoretically.
The documentation of this lineage is important because it shows how a new species can be formed very quickly, a type of speciation called homoploid hybrid speciation. Important here is that the initial migrant that hybridized with G. fortis was a male, which meant, because females do not sing, that his progeny learned his song to use in selecting mates Lamichhaney et al. 2018) . As a result, there was only successful mating within the lineage because all mates were selected using the song from their father to attract mates. Notice that except for the 2 initial G. fortis females that mated with Big Bird and one of his sons, all of the other descendants chose mates that had the song of Big Bird, resulting in breeding within the hybrid lineage in subsequent generations.
To summarize as far as the importance of population genetic factors (Table 2) , selection has been very important in determining morphology in Darwin's finches. In particular, weather patterns that result in droughts or rainfall affect the availability and type of seeds for the finches and consequently influence the evolution of beak shape and size. There is extensive documentation of different selection pressures and molecular evidence of selection. There appears to be low but significant gene flow between populations of the same species on different islands but hybridization between species appears to be a very important source of genetic variation. The population size for many species is quite large but there are several species that have low population numbers. There is evidence of both close inbreeding and inbreeding depression. Mutation appears to have been important and adaptively important mutants have been identified at several genes, but it is not clear what proportion of these mutants have been generated in the Galapagos and what proportion were standing variation.
Discussion
Evolutionary change can be generally thought as the interaction of the impacts of selection, gene flow, genetic drift, mutation, and inbreeding. One of the most important conclusions in this perspective is that because of inherent biological differences between species that have colonized the Galapagos, different population genetic factors appear to be more or less important in different taxa. Even so some general conclusions can be made about population genetics factors in these 6 vertebrate Galapagos taxa and more definitive information should be obtainable as further detailed genetic and genomic research is undertaken. Note that there have not been explicit tests of the relative importance of these different population genetic processes as carried out by Funk et al. (2016) . Below is a summary of these conclusions.
Selection
For many species coming primarily from mainland South America, the Galapagos provided novel environments in which strong selection took place. For example, on the Galapagos there were no competitors for Darwin's finches, unlike the South American mainland, and they diversified to produce species that filled these empty niches. Tortoises developed a novel shell type called the saddleback multiple times, which appears to have selective advantages in hot, arid parts of the Galapagos. The nutrient-rich western shores of the Galapagos provided an environment to which the flightless cormorant, marine iguana, and Galapagos penguin adapted. In addition, these species have developed a number of behavioral changes besides tameness, which included changes in mating behaviors, such as sequential polyandry in the cormorant, cooperative polyandry in the hawk, and lek formation in the marine iguana, and behaviors in Darwin's finches that included tool use.
A demographic factor important to the potential for adaptive change is the generation length. Of the 6 species discussed here, Darwin's finches with a generation length of about 4.5 years have the shortest generation length, and the tortoise has the longest generation length of at least 40 years because the age of first reproduction is around 25 years. The generation length for the flightless cormorant is estimated to be about 13 years, and although the generation length does not appear to have been estimated for the pink iguana, marine iguana, and Galapagos hawk, their generation lengths are probably between 8 to 12 years, based on the age of first reproduction. The Galapagos hawk has only been on the Galapagos for 0.125 Ma, so that there has been much less time and generations for it to have evolved compared with these other species. As a result, given all other factors being similar, these generation length differences would suggest that the rate of adaptive evolution would be expected to be faster in Darwin's finches and slower in the tortoises than in these other species.
The Galapagos provided an environment with no native terrestrial mammalian predators, and as a result, the cormorant evolved flightlessness. The resulting naiveté toward mammalian predators is one reason that non-native mammalian predators, such as dogs, cats, and rats, have had such a detrimental impact on many endemic Galapagos species. In addition, the Darwin's finches do not have a recognition of the introduced parasitic fly Philornis which has caused severe problems in several species.
In the future, identification of adaptive genetic variants that were responsible for these selective responses should be possible. At this point, genes that appear involved in the evolution of flightlessness in cormorant and beak size and shape in Darwin's finches have been identified. The genes determining other phenotypic traits, such as carapace type and giantism in the tortoises, morphology, and color in the pink and marine iguanas, are potential candidates for future resolution.
Source of Genetic Variation: Standing Variation, Mutation, or Introgression
The source of genetic variation for adaptation can be from standing variation (variation already present in the population), mutation, or from gene flow from other populations of the same species or from related species that can interbreed (Barrett and Schluter 2008; Hedrick 2013 ). This source is important because, for example, the waiting time for an adaptive response is expected to be much less from standing variation than from new mutations. Although there appears to be a single colonization, probably of a low number of individuals, of most of the species discussed here as indicated by molecular data, there appears to have been ample variation for rapid phenotypic change in some species. This suggests that the colonization numbers were large enough to contain sufficient standing variation for adaptation or that given the amount of time, more than a million years in all cases except for the Galapagos hawk, that mutation could have generated adaptive variation. As a result of this long timespan since colonization, what were new mutations on the Galapagos could very well now appear to be standing variation. That is, much of the signal of strong linkage disequilibrium expected in the sequence linked with adaptive variants found with new mutations could have been lost. The population sizes of both the tortoises and finches have been estimated to have been very large, so that the chance of generating new adaptive mutation in them is substantial.
Interestingly, it appears that in both Darwin's finches and the flightless cormorants that variants of large effect were important in adaptation. Under normal circumstances, mutants that negatively influence wing growth as in cormorants would be quite detrimental and strongly selected against. This suggests that the candidate genetic variants identified by Burga et al. (2017) were probably generated by mutation since the species colonized the Galapagos or were preexisting and segregating at quite low initial frequency as standing variation and now have become fixed. The selective advantage or disadvantage of the beak size variants in the Darwin's finches depends on the environment. Based on the small, pointed beak of the putative ancestral dull-colored grassquit, which is mainly insectivorous, and that the related black-faced grassquit has the ancestral sequences for the 2 derived missense mutations at ALX1 (Andersson L, personal communication), the variants that result in smaller beak size appear to be ancestral. The ancestral frequency of beak size variants in Darwin's finches is not necessarily low because they do not have a fundamental maladaptive effect in the ancestral species, unlike the variants resulting in loss of flight in cormorants.
Overall, genetic variation must have been significant for the diversification of the finches and for the iguana to evolve into 3 species of land iguanas and a number of subspecies of marine iguanas. Even though the generation length in the giant tortoise is the longest of any of the animals discussed, there appears to have been significant enough genetic variation for different species to develop recognizably different shells. Although the difference between saddleback and domed carapaces appears to be adaptive, other shell differences between tortoise species might well be due to chance founder differences between species.
Genetic Drift and Effective Population Size
Small population size and genetic drift have potentially influenced genetic variation in Galapagos species in a number of ways. First, for most species the number of founding individuals was probably very low, in some cases perhaps only a fertilized female. This low number and low probability of colonization is supported by the long distance from the mainland populations and the lack of genetic support for multiple independent or subsequent colonizations. The only vertebrate for which there is good evidence of multiple colonizations is the lava lizard Microlophus in which there appears to have been 2 successful colonizations (Benavides et al. 2009 ). In addition, the colonization numbers on new islands as they arose might have also been small. This could have been particularly important for the flightless cormorant and the pink iguana, which evolved before the formation of the present islands they inhabit necessitating that they colonized newer islands one or more times.
A number of factors indicate that once on the islands, the effective population size for some of these taxa occasionally might be quite low. For example, suitable habitat for some species is quite restricted so that the effective population size is limited by habitat availability. Isolated small populations probably existed for many species particularly when on small islands or small areas surrounded by inhospitable terrain. In addition, variable environments over time resulting in drought conditions from La Niña or heavy rains and flooding from El Niño related weather could have resulted in environmental changes that resulted in bottlenecks in species such as the cormorant or marine iguana, during some periods. Also, some species have quite unequal sex ratios among those that are successful breeders. For example, males form leks in marine iguanas, females have multiple males in their territories in Galapagos hawks, and the cormorants have sequential polyandry. Also, surveys in the pink iguana have found many more males than females, a pattern that reduces the effective population size. In recent years, non-native animals have greatly reduced numbers of many native species and even led to local extinctions.
The total population numbers of 3 of these species, cormorant, pink iguana, and hawk, are known to be low today. As a result, it is likely that they could be extremely subjected to genetic drift in future generations, particularly given the impact that environmental variation has on Galapagos animals. As a result, development of management actions that could somewhat mitigate the detrimental impacts of low population size in these species seems important.
Gene Flow
The isolation of Galapagos from continental South America appears to have resulted in little or no successful gene flow for most organisms from South America since their initial colonization with the exception of the lava lizard (Benavides et al. 2009 ). For movement between islands in the archipelago, the extent of gene flow appears particular to the taxon. For most species, there is support for movement over geological time from the older eastern islands to the newer western islands. However, the extent of this movement after initial colonization of new islands appears limited for some species. For example, for the flightless cormorant and the Galapagos hawk, there appears to be very limited interisland gene flow. On the other hand, for both the marine iguana and some of the Darwin's finches, there appears to be significant interisland gene flow.
An important aspect of gene flow is the introduction of genetic variation between what have been determined to be species. In some cases, such gene flow has resulted in hybridization between species and despeciation where species differences appear to have been lost. Hybridization between species appears to be a continuing process for Darwin's finches with contemporary hybridization among species of similar size of about 1-2% per breeding episode.
Although some hybrid tortoises have been identified recently, it appears that most of these were the product of human movement between islands and not natural gene flow. Although there is some support for reproductive isolation between tortoise species, this evidence is primarily the result of opportunistic observations in captivity and has not been published.
After colonization of the Galapagos, it is possible that there was selection favoring lower migration, as has occurred in other island species. As an extreme, the flightless cormorant lost the ability to move significantly because of its adaptive changes that facilitated living in the Galapagos. The ancestor of the Galapagos hawk, Swainson's hawk, does not ordinarily fly over open water, but it appears that the Galapagos hawk has become very sedentary. On the other hand, marine iguanas and Darwin's finches have been documented to move between islands, possibly suggesting that any advantage of reduced migration increasing fitness has been countered by an advantage of increased introduced genetic variation from this movement.
Inbreeding and Inbreeding Depression
Inbreeding, matings between close relatives, causes lowered fitness in progeny primarily as the result of increased homozygosity at loci with detrimental recessive variants (Hedrick and Garcia-Dorado 2016) . Small population size can cause increased frequency of fixation of detrimental variants by chance genetic drift and cause individuals in the population to have low fitness. Because of the detailed monitoring and analysis of Darwin's finches, examples of close inbreeding have been documented. At this point, there are no other examples of close inbreeding, but in both cormorants and hawks, there is polyandry, so there is the potential for close mating. In addition, leks formed in marine iguanas could result in inbreeding.
There has been direct demonstration of inbreeding depression in Darwin's finches. In pink iguanas and flightless cormorants, some fitness-related traits show low values suggesting inbreeding depression. Comparison of the low level of genetic variation in Galapagos species and related ancestral species, such as the flightless cormorant and putative ancestral cormorants and Galapagos hawk and Swainson's hawk, pink iguana, and the other land iguanas, suggests that these derived species are likely to have low fitness.
Overall Conclusions
Modern genetics and genomics data have begun to provide additional insight into the origin and adaptation of many of the Galapagos vertebrates. For example, genetic data have clarified the relationships between many species and their provided an estimate of their origin date. Recently, genomics examination has identified genetic variants that appeared to have provided adaptation in both the flightless cormorant and Darwin's finches. Genetics and genomics information can also be used to identify appropriate units for conservation and their ancestry, such as in the Galapagos tortoise, and monitoring conservation efforts in the pink iguana and species of the Galapagos tortoise. This is an exciting time to comprehend and appreciate evolution in the Galapagos and its population genetic underpinnings. It is my hope that this perspective on the Galapagos vertebrates will provide new understanding for both evolution in the Galapagos and other important evolutionary situations.
